Takesian AE, Kotak VC, Sharma N, Sanes DH. Hearing loss differentially affects thalamic drive to two cortical interneuron subtypes. J Neurophysiol 110: 999 -1008. First published May 29, 2013 doi:10.1152/jn.00182.2013.-Sensory deprivation, such as developmental hearing loss, leads to an adjustment of synaptic and membrane properties throughout the central nervous system. These changes are thought to compensate for diminished sound-evoked activity. This model predicts that compensatory changes should be synergistic with one another along each functional pathway. To test this idea, we examined the excitatory thalamic drive to two types of cortical inhibitory interneurons that display differential effects in response to developmental hearing loss. The inhibitory synapses made by fast-spiking (FS) cells are weakened by hearing loss, whereas those made by low threshold-spiking (LTS) cells remain strong but display greater short-term depression (Takesian et al. 2010 ). Whole-cell recordings were made from FS or LTS interneurons in a thalamocortical brain slice, and medial geniculate (MG)-evoked postsynaptic potentials were analyzed. Following hearing loss, MG-evoked net excitatory potentials were smaller than normal at FS cells but larger than normal at LTS cells. Furthermore, MG-evoked excitatory potentials displayed less short-term depression at FS cells and greater short-term depression at LTS cells. Thus deprivation-induced adjustments of excitatory synapses onto inhibitory interneurons are cell-type specific and parallel the changes made by the inhibitory afferents. auditory cortex; sensorineural hearing loss; development; fast-spiking interneuron; low threshold-spiking interneuron
EARLY LIFE SENSORY EXPERIENCE can have a long-lasting impact on adult perception that may depend on plasticity within cortical inhibitory circuits (Hensch 2005; Sanes and Woolley 2011; Takesian et al. 2009 ). This experience-dependent modification of cortical inhibition occurs at GABAergic synaptic contacts (Chattopadhyaya et al. 2004; Gianfranceschi et al. 2003; Jiao et al. 2006; Katagiri et al. 2007; Maffei et al. 2004 Maffei et al. , 2010 Morales et al. 2002) . In the developing auditory cortex, the strength of inhibitory synapses is affected profoundly by both moderate and severe hearing loss (Kotak et al. 2005 (Kotak et al. , 2008 Takesian et al. 2010 Takesian et al. , 2012 . These changes are thought to compensate for the reduction in sound-evoked activity that accompanies hearing loss (Cook et al. 2002; Harrison and Negandhi 2012; Lippe 1994; Tritsch et al. 2010; Tucci et al. 2001 ). If such a homeostatic mechanism is operating (Turrigiano 2012; Wenner 2011), then compensatory changes at the excitatory inputs-onto-inhibitory interneurons should complement those observed at the inhibitory-synapses. Here, we ask whether the excitatory synapses onto two specific cortical interneuron subtypes are differentially regulated by auditory experience.
Cortical inhibitory synapses are formed by a diverse group of GABAergic interneurons (Markram et al. 2004 ). For example, fast-spiking (FS) and low threshold-spiking (LTS) cortical interneurons display distinct physiological properties and are thought to subserve separate roles in the cortical network (Beierlein et al. 2003; Gibson et al. 1999; Gupta et al. 2000; Reyes et al. 1998; Tan et al. 2008; Thomson 1997; Xiang et al. 1998) . FS cells are endowed with fast-membrane and -spiking properties that allow them to respond with reliability and precision to the strong thalamic inputs that drive them (Agmon and Connors 1992; Beierlein et al. 2000 Beierlein et al. , 2003 Cruikshank et al. 2007 Cruikshank et al. , 2010 Gibson et al. 1999; Rose and Metherate 2005; Xiang et al. 1998 ). These cells may therefore provide robust feed-forward inhibition to their targets to control spike timing (Cruikshank et al. 2007; Gabernet et al. 2005; Gibson et al. 1999; Swadlow 2003; Wilent and Contreras 2005) . Conversely, LTS cells respond weakly to initial thalamic activity but may be recruited increasingly during the course of repetitive stimuli (Beierlein et al. 2003; Gibson et al. 1999; Tan et al. 2008; Thomson 1997) . These cells are, therefore, purported to play an essential role in providing slow, time-averaged suppression of cortical activity during ongoing stimuli (Beierlein et al. 2003; Tan et al. 2008) .
Previous work shows that developing inhibitory synapses, formed by FS and LTS interneurons, display distinct effects of early hearing loss. Hearing loss prevents the developmental strengthening of inhibitory synapses formed by FS cells. Conversely, hearing loss results in stronger inhibitory synapses formed by LTS cells, but this is accompanied by greater short-term depression (Takesian et al. 2010) . To examine the effects of developmental hearing loss on the excitatory drive to these interneurons, thalamic-evoked excitatory postsynaptic potentials were recorded in FS and LTS cells from control and hearing-deprived animals. At FS cells, hearing loss prevented the developmental strengthening of evoked excitatory potentials, whereas at LTS cells, these potentials retained a larger amplitude. In contrast, hearing loss led to greater short-term depression at LTS cells. Therefore, early deprivation induces pathway-specific adjustments of cortical inhibitory circuits, and together, these may compensate for the reduction in sound-driven activity.
MATERIALS AND METHODS
Experimental animals. Gerbils (Meriones unguiculatus), aged postnatal days (P)8 -22, were obtained from breeding pairs and raised in our colony (Charles River Laboratories, Wilmington, MA). Animal care, maintenance, and surgeries were in accordance with the guidelines and rules of the Institutional Animal Care and Use Committee, New York University, approved by the Office of Laboratory Animal Welfare, Office of Extramural Research, U.S. National Institutes of Health.
Sensorineural hearing loss induced by bilateral cochlear ablation. Gerbils, aged P10, were anesthetized with halogenated ethyl methyl ether methoxyflurane (Metofane), and an incision was made in the skin over the ventrolateral wall of the bulla (Kotak et al. 2005 (Kotak et al. , 2008 Takesian et al. 2010; Vale and Sanes 2002) . The middle-ear mesenchyme was removed with an aspirator, a small hole was made in the cochlear wall, and the contents were cleared with a fine forceps. Gel foam was placed in the vacant cochlear cavity, and the wound was closed. The process was repeated for the other ear. Successful surgeries were confirmed anatomically before each brain-slice experiment by opening the inner ear under a dissecting microscope and observing the absence of the entire Organ of Corti and the presence of a gel-foam insert within the hollow cochlear bone. If any part of the Organ of Corti was intact, then the surgery was considered unsuccessful, and the animal was not used. We did not evaluate specifically whether any spiral ganglion cells survived following cochlear ablation. Since cochlea removal previously has been shown to lead to degeneration of auditory nerve fibers in young and adult animals (Gentschev and Sotelo 1973; Tierney et al. 1997) , we assumed that this was the case for our preparation. However, the ablations were performed at an age (P9) at which no significant neuron loss occurs in the anteroventral cochlear nucleus (Tierney et al. 1997) .
Thalamocortical brain-slice preparation. Thalamocortical slices were generated, as described previously (Kotak et al. 2005) , by sectioning the brain perihorizontally (500 m) to preserve the ventral medial geniculate (MG) and its ascending pathways to the auditory cortex (Cruikshank et al. 2002) . The slices were incubated in artificial cerebrospinal fluid (ACSF) at 32°C for 30 min, then at room temperature for 60 min, and transferred to a recording chamber, superfused continuously (3 ml/min) with ACSF at 32°C. The ACSF contained (mM): 125 NaCl, 4 KCl, 1.2 KH 2 PO 4 , 1.3 MgSO 4 , 24 NaHCO 3 , 15 glucose, 2.4 CaCl 2 , and 0.4 L-ascorbic acid (pH ϭ 7.3 when bubbled with 95% O 2 -5% CO 2 ).
Interneuron whole-cell recordings. Whole-cell current-clamp recordings were obtained from interneurons in layer 4, as described previously (Takesian et al. 2010 (Takesian et al. , 2012 . Two interneurons/animal were recorded, on average, from a total of 18 prehearing, 40 posthearing, and 29 sensorineural hearing loss (SNHL) animals. The current-clamp internal solution contained (mM): 5 KCl, 127.5 Kgluconate, 10 HEPES, 2 MgCl 2 , 0.6 EGTA, 2 ATP disodium salt, 0.3 GTP sodium salt, and 5 phosphocreatine (pH ϭ 7.2 with KOH). FS and LTS interneurons were targeted based on their soma shape under infrared differential interference contrast (IR-DIC) and identified by their discharge pattern in response to current injections (1,500 ms). FS cells were distinguished physiologically by their characteristic narrow spike, deep afterhyperpolarization (AHP), and high discharge (Connors and Gutnick 1990; Markram et al. 2004; Metherate and Aramakis 1999; Rose and Metherate 2005) . FS basket cell anatomy was confirmed in a subset of recorded neurons (Markram et al. 2004) . FS cells exhibited round or ovoid-shaped somata with multipolar dendritic trees. A dense axonal plexus was also confirmed in some cells (data not shown). LTS cells were electrophysiologically distinguished from FS cells by their broader spike half-widths, decreased AHP amplitudes, and pronounced spike adaptation (Beierlein et al. 2000 (Beierlein et al. , 2003 Gibson et al. 1999; Xiang et al. 1998 ). These cells were distinguished from excitatory regular-spiking cells by comparing the change in AHP during a depolarizing train. Beierlein et al. (2003) showed that the AHP after the first spike was more hyperpolarized than the AHP after the final spike in all LTS cells. Conversely, the first AHP was more depolarized in all excitatory cells. The LTS anatomy, including an ovoid-shaped cell body and vertically oriented, bitufted dendritic morphology, was confirmed in a subset of recorded neurons (Beierlein et al. 2003; Reyes et al. 1998; Xiang et al. 1998) . In one set of experiments, FS and LTS cells were recorded in voltage clamp (V HOLD ϭ Ϫ60 mV). The internal solution contained (mM): 127.5 cesium gluconate, 5 KCl, 10 HEPES, 2 MgCl 2 , 0.6 EGTA, 2 ATP, 0.3 GTP, and 5 phosphocreatine (pH ϭ 7.2 with CsOH). FS and LTS interneurons were identified by their discharge patterns to a current injection (300 pA; 1,500 ms), immediately after cell-membrane rupture.
To evaluate the thalamically evoked inputs to cortical interneurons, subthreshold postsynaptic potentials (PSPs) and spiking responses were recorded during stimulus pulses and trains, delivered with a biphasic stimulus isolator (BSI-950; Dagan, Minneapolis, MN) via bipolar-stimulating electrodes (MX211EWDS2; FHC, Bowdoin, ME) to the thalamic afferents (500 s duration). To examine minimal PSPs (Agmon and Connors 1992; Beierlein et al. 2003; Cruikshank et al. 2007; Gibson et al. 1999; Kotak et al. 2005; Rose and Metherate 2005) , incremental stimulus intensities (10 A) were delivered at 0.05 Hz until an evoked PSP was discernible from failures. Minimal and maximal PSPs were determined from three to four stimulus sweep repetitions. Short-term plasticity (STP) was examined by applying trains of 10 stimulus pulses to the thalamic afferents, using an intensity 10 A below the threshold that elicited a spike in response to any of the 10 stimuli. In some cells, STP was also examined with trains that produced spiking responses. For these experiments, a stimulus intensity was used that was 20 A above the current threshold (I thresh) required to elicit a spike in response to any stimulus in the train. For all STP experiments, 10 repetitions were delivered at a rate of 0.05 Hz.
Electrophysiology data acquisition and analysis. Data were acquired at a sampling rate of 10 kHz using a custom-designed IGOR (WaveMetrics, Lake Oswego, OR) macro on an Apple iMac. A second IGOR macro was used for offline analysis. To measure intrinsic membrane properties, input resistance (Rin) and time constant () were averaged from five to 10 responses to hyperpolarizing steps (Ϫ10 to Ϫ30 pA). Voltage threshold (V thresh) and I thresh to spike were averaged from three sweeps, in which current steps were applied in increments of 2 pA (0.05 Hz). The action-potential width (AP width) and AHP amplitude were averaged from all action potentials elicited by current steps, Ͻ70 pA from the threshold. The spike Adaptation ratio was calculated as the average of the last two interspike intervals (ISIs), divided by the average of the first two ISIs in response to a depolarizing step that evoked a firing rate of ϳ50 Hz. The maximum spike rate (Max rate) was reported as the highest rate obtained when current steps (1,500 ms) were applied from threshold to 900 pA in increments of 10 pA at a rate of 0.05 Hz. To measure thalamically evoked PSPs, amplitudes were calculated from baseline just before the response (averaged 1 ms before stimulus). Cells unresponsive to thalamic stimulation were not included in this analysis. STP was measured as the average PSP amplitude, normalized to the first PSP (PSP N /PSP 1 ). Stimulus artifacts were decreased for traces shown. Statistical tests were performed using statistical software (JMP; SAS Institute, Cary, NC). These include Levene's test for equal variance, ANOVA, or Student's t-test for data distributed normally (t) and KruskalWallis or Wilcoxon's nonparametric tests for data not distributed normally ( 2 ). All data are reported as mean Ϯ SE. (Markram et al. 2004 ) and are differentially regulated by experience (Takesian et al. 2010) . We first asked whether the normal maturation of intrinsic electrophysiological properties of specific interneuron subtypes depends on early auditory experience. The present study focused on two major classes of cortical interneurons: FS and LTS cells. These cells were targeted initially by the shape of their cell bodies observed under IR-DIC optics (see MATERIALS AND METHODS). Subsequently, each interneuron was characterized by its passive and firing properties in response to depolarizing and hyperpolariz-ing current injections (1,500 ms; Fig. 1A ). Finally, many of the cells were confirmed anatomically with biocytin fills.
RESULTS

Intrinsic properties of FS, but not LTS, cells are affected by experience. Cortical inhibitory interneurons are heterogenous
To assess the normal maturation of cortical interneurons, we compared intrinsic properties of FS and LTS cells from P8 -12 (prehearing) with P17-22 (posthearing) animals. As summarized in Fig. 1 , both cell types displayed dramatic developmental changes after the onset of hearing. Immature FS cells recorded in prehearing animals were more excitable than those recorded in posthearing animals: the current required to elicit a spike (I thresh) was significantly lower, which could be attributed to the significantly higher Rin, as well as the lower V thresh. Moreover, the Max rate of FS cells from prehearing animals did not reach the rates observed in the posthearing group, which may be associated with the broader spike widths (AP width) or increased spike adaptation (Adaptation ratio). Finally, there was a developmental change in the percentage of cells exhibiting the delayed-spike phenotype (Goldberg et al. 2008) . Twenty-six percent of immature FS cells showed onset spiking, with an average spike delay within 50 ms of the stimulus onset, whereas none of the 27 recordings (0%) from posthearing FS cells displayed an average spike delay Ͻ50 ms.
The deep AHP is one characteristic of FS cells that did not change across this age range.
Similar to FS cells, LTS cells also showed robust developmental changes between the pre-and posthearing age range (Fig. 1 ). LTS cells from prehearing animals showed higher Rin, lower I thresh and V thresh, broader spikes, and lower maximum firing rates. Therefore, the week after hearing onset corresponds to a period during which the mature, intrinsic properties of inhibitory interneurons emerge in the auditory cortex.
Given that the robust maturation of interneuron intrinsic properties occurs soon after hearing onset, we performed SNHL at P10 and recorded 1 wk later (see MATERIALS AND METHODS). FS cells from SNHL and posthearing animals displayed similar resting potentials, , and AHPs ( Fig. 1) . However, in FS cells from SNHL animals, the I thresh to elicit a spike was reduced significantly, which could be attributed to the increased Rin. The AP width was also significantly wider. Finally, 19% of SNHL FS cells showed onset spiking, with an average spike delay within 50 ms from the stimulus onset, similar to that observed in prehearing FS cells. In contrast to these results, SNHL had no effect on the maturation of LTS cell-intrinsic properties. thresholds and responses to current injection. Bottom: FS interneurons displayed characteristic high-frequency spiking in response to supra-I thresh injection. LTS interneurons showed a characteristic spike adaptation. B: table of intrinsic properties of FS and LTS interneurons from prehearing, posthearing, and SNHL animals (means Ϯ SE). Between pre-and posthearing age ranges, FS interneurons showed a significant decrease in input resistance (Rin), a decrease in the membrane time constant (Tau), an increase in the I thresh and voltage threshold (V thresh), a decrease in the action potential half-width (AP width), a decrease in spike adaptation, and an increase in the maximum firing rate. SNHL produced modest effects on FS cell-intrinsic properties. Although LTS cells showed similar developmental changes in intrinsic properties, SNHL had no significant effects. **P Ͻ 0.01, *P Ͻ 0.05 compared with posthearing; RMP ϭ resting membrane potential; AHP ϭ afterhyperpolarization; Adaptation ratio ϭ average of last 2 interspike-intervals (ISIs), divided by average of first 2 ISIs; Max rate ϭ maximum spike rate evoked by up to 900 pA current injection. The number of cells sampled (n) is indicated in the table.
Auditory experience alters thalamically evoked inputs to FS and LTS cells.
To test whether thalamic inputs to FS and LTS cell types undergo changes, the afferents arising from the ventral MG were stimulated, and sub-and suprathreshold responses were recorded. As shown in Fig. 2 , PSPs recorded in FS cells were several-fold smaller in pre-vs. posthearing neurons. The developmental increase in the strength of thalamically evoked synaptic potentials onto FS cells occurs, despite the significant decrease in Rin (Fig. 1) . Conversely, LTS cells showed a developmental decrease in thalamically evoked PSP amplitude (Fig. 2) . In addition to changes in amplitude, PSP kinetics became faster in both FS and LTS cells during this developmental period. Between the pre-and posthearing age ranges for both FS and LTS cells, there was a significant decrease in the latency from the stimulus onset to the rise of the PSP and in the 20 -80% PSP rise time (Fig. 2) . Thus thalamically evoked PSPs at both FS and LTS cells undergo robust developmental changes during the 1st wk after hearing onset.
To determine the role of auditory experience, PSPs were compared in animals with SNHL and age-matched, posthearing controls (P17-22). Following SNHL, the excitatory potentials recorded in FS cells remained slower (Fig. 2) . PSP amplitudes were also smaller in FS cells from SNHL animals compared with posthearing controls, but this difference did not reach statistical significance (P ϭ 0.09). Conversely, PSP amplitudes recorded in LTS cells were significantly larger after SNHL. Therefore, the effect of SNHL was pathway specific.
Auditory experience alters the thalamocortical activation of FS cells. To examine how experience-dependent maturation impacts the recruitment of interneuron spiking by thalamic activity, responses were recorded while stimuli of increasing intensity were applied to the thalamic afferents. Figure 3 shows examples of the PSPs elicited by such stimuli, recorded in FS and LTS cells from prehearing (P8 -12), posthearing (P17-22), and SNHL (P17-22) animals. The voltage depolarization that was required to reach spike threshold was lower for FS cells recorded in prehearing and SNHL animals compared with posthearing controls (Fig. 3 ; spike threshold, prehearing: 3.3 Ϯ 1.4 mV, n ϭ 3; posthearing: 12.5 Ϯ 1.0 mV, n ϭ 19; SNHL: 8.8 Ϯ 1.8 mV, n ϭ 8; ANOVA: F-ratio ϭ 6.1, degrees of freedom ϭ 2, P ϭ 0.006; prehearing vs. posthearing: t ϭ Ϫ3.4, P ϭ 0.003; posthearing vs. SNHL: t ϭ Ϫ1.9, P ϭ 0.07). The majority of FS cells from both prehearing (75%) and posthearing animals (84%) reached these spike thresholds. However, despite the lower thresholds, thalamic stimuli elicited spiking in only 47% of FS cells from SNHL animals. Also, the average latencies from the stimulus onset to the peak of the FS cell spike were significantly longer in SNHL animals (spike latency, posthearing: 5.9 Ϯ 0.4 ms, n ϭ 14; SNHL: 9.4 Ϯ 1.1 ms, n ϭ 6, 2 ϭ 7.0, P ϭ 0.008). For LTS cells, approximately one in four cells reached spiking thresholds in response to thalamic stimulation from prehearing (25%) and posthearing (26%) animals, but the percentage was greater in SNHL animals (40%). LTS cells did not show significant changes in spike thresholds across development or following SNHL. lein et al. 2003; Gibson et al. 1999; Reyes et al. 1998; Tan et al. 2008; Thomson 1997 ). In the somatosensory cortex, when trains of stimuli are delivered to the thalamic afferents, the excitatory potentials recorded in FS cells display short-term depression (Beierlein et al. 2003; Cruikshank et al. 2007 Cruikshank et al. , 2010 Gibson et al. 1999; Swadlow 2003) , whereas those recorded in LTS cells display short-term facilitation (Tan et al. 2008 ). Here, we examined whether these distinct forms of STP are also present at FS and LTS cells within the auditory cortex and whether they are influenced by auditory experience. To determine whether FS and LTS cells in the auditory cortex exhibit differential STP, trains of 10 stimuli were delivered to the afferents arising from the MG, and the resulting subthreshold PSPs were recorded. In posthearing controls (P17-22), the results were consistent with the findings in the somatosensory cortex. Thalamically evoked PSPs depressed robustly in FS cells but facilitated in LTS cells (Fig. 4) . For example, at an interstimulus interval of 80 ms, the average amplitude of the 10th PSP normalized to the first PSP (PSP 10 / PSP 1 ) was 0.33 Ϯ 0.03 for FS cells (n ϭ 24) compared with 2.08 Ϯ 0.24 for LTS cells (n ϭ 17, 2 ϭ 28.6, P Ͻ 0.0001). This finding was also supported by voltage-clamp recordings, in which thalamically evoked excitatory postsynaptic currents depressed in all FS cells tested (10/10 cells) and facilitated in all but one LTS cell tested (eight of nine cells; P17-22; data not shown). Therefore, the distinct STP of inputs onto FS and LTS cells in the auditory cortex is similar to that reported in other cortices.
Auditory experience alters STP of thalamically evoked inputs to FS and LTS cells. One key difference between FS and LTS interneurons is the STP of their excitatory inputs (Beier
Our previous results showed a cell type-specific effect of hearing loss on the STP of inhibitory synapses formed by FS and LTS cells; inhibitory synapses from FS cells show no change in STP, whereas those from LTS cells show greater depression (Takesian et al. 2010) . To determine whether the STP of thalamically evoked inputs to these interneuron subtypes is also differentially regulated by experience, STP was compared in prehearing (P8 -12), posthearing (P17-22), and SNHL animals (P17-22; Fig. 4) . PSPs recorded in FS cells from prehearing animals showed little change in PSP amplitude across the stimulus train. However, PSPs in FS cells recorded from posthearing animals robustly depressed, corresponding to a significant decrease in the PSP 10 /PSP 1 ratio (prehearing: 0.83 Ϯ 0.14, n ϭ 4; posthearing: 0.33 Ϯ 0.03, n ϭ 24, 2 ϭ 9.1, P ϭ 0.003). SNHL prevented this developmental decrease in STP: PSPs showed significantly less depression in animals with SNHL compared with age-matched posthearing controls (SNHL PSP 10 /PSP 1 : 0.59 Ϯ 0.09, n ϭ 15; SNHL vs. posthearing: 2 ϭ 6.0, P ϭ 0.01). Thalamically evoked PSPs in LTS cells also exhibited a developmental change in STP but in the opposite direction (Fig. 4) . PSPs recorded in LTS cells displayed depression in prehearing animals but robust facilitation in posthearing animals, corresponding to a significant increase in the PSP 10 /PSP 1 ratio (prehearing: 0.83 Ϯ 0.23, n ϭ 12; posthearing: 2.08 Ϯ 0.24, n ϭ 17, 2 ϭ 13.2, P ϭ 0.0003). SNHL prevented this developmental shift toward facilitation: PSPs in LTS cells from SNHL animals displayed depression (SNHL PSP 10 /PSP 1 : 0.73 Ϯ 0.14, n ϭ 9; SNHL vs. posthearing: t ϭ Ϫ3.9, P ϭ 0.0007). Therefore, the distinct STP properties of thalamically evoked inputs onto FS and LTS cells emerge during early postnatal life, and hearing loss induces pathway-specific effects.
The change in STP of synaptic responses after SNHL (Fig.  4) suggested that the spiking patterns of these cells during repetitive trains would also be altered. To assess this, spiking responses were recorded during trains of 10 stimuli delivered to the thalamic afferents. The stimulus intensity was adjusted to just above the threshold that reliably elicited a spike in response to at least one stimulus in the train. In posthearing controls, most FS cells reliably showed spiking responses to the first stimulus ( Fig. 5 ; first spike probability, posthearing: 0.93 Ϯ 0.04, n ϭ 15) and few spikes in response to subsequent stimuli. However, FS cells from SNHL animals showed a reduced probability to spike in response to the first stimulus compared with controls (first spike probability, SNHL: 0.57 Ϯ 0.13, n ϭ 6; SNHL vs. posthearing: 2 ϭ 7.4, P ϭ 0.007) and would instead often show spiking responses to subsequent stimuli. Conversely, LTS cells from posthearing controls, which show strongly facilitating subthreshold PSPs, generally did not show spiking responses to the first stimulus (first spike probability, posthearing: 0.08 Ϯ 0.03, n ϭ 20). Instead, these cells exhibited spiking in the latter part of the train (last spike probability, posthearing: 0.65 Ϯ 0.09, n ϭ 20). However, LTS cells from SNHL animals showed a greater spike probability in response to the first stimulus than controls (first spike probability, SNHL: 0.50 Ϯ 0.16, n ϭ 5; SNHL vs. posthearing: 2 ϭ 7.4, P ϭ 0.006) and a reduced response to latter stimuli (last spike probability, SNHL: 0.19 Ϯ 0.15, n ϭ 5; SNHL vs. posthearing: 2 ϭ 4.1, P ϭ 0.04). These results suggest that early hearing loss leads to a functional change in the temporal patterns of FS and LTS cell recruitment by thalamic stimuli.
DISCUSSION
The development of cortical circuits is highly adaptive to the sensory environment during early postnatal life. Sensory deprivation, such as developmental hearing loss, can lead to an imbalance of cortical excitation and inhibition (Turrigiano 2012) . Such changes have been proposed to compensate for reduced, sound-driven discharge rates. If this hypothesis is valid, then the hearing loss-induced changes to excitatory, as well as inhibitory, synapses should contribute to elevate net excitability. In this study, we explored this idea by examining the excitatory thalamic drive to two cortical inhibitory interneuron subtypes: FS and LTS cells. The inhibitory synapses made by these interneurons display pathway-specific effects in response to developmental hearing loss: FS-evoked inhibition is weakened, whereas LTS-evoked inhibition remains strong but displays greater short-term depression (Takesian et al. 2010) . Therefore, we reasoned that the thalamically evoked excitatory inputs to these two cell types may respond to deprivation in a manner that complements the output of each interneuron.
Previous studies show that a key functional distinction between FS and LTS cells in the somatosensory cortex concerns the manner in which they are recruited by the thalamocortical pathway (Beierlein et thalamic inputs that rapidly depress during repetitive stimuli, whereas LTS cells may receive a relatively weak thalamic drive that facilitates (Beierlein et al. 2003; Cruikshank et al. 2007 Cruikshank et al. , 2010 Gibson et al. 1999; Rose and Metherate 2005; Tan et al. 2008) . Here, the results in the auditory cortex are consistent with these findings and demonstrate a cell typespecific effect of hearing loss on the strength and STP of MG-evoked excitatory inputs to FS and LTS cells (Figs. 2-5 ). These changes are consistent with those observed for the output of these inhibitory interneurons (Takesian et al. 2010) . Therefore, there are two pathway-specific mechanisms that each lead to a reduction in inhibitory drive to layer 2/3 pyramidal neurons (Fig. 6 ). For the FS pathway, there may be both a reduction of fast excitatory drive onto FS neurons and a reduction of inhibitory drive from FS to pyramidal neurons. For the LTS pathway, there is a greater depression of excitatory drive onto LTS cells and a greater depression of inhibitory drive from LTS to pyramidal neurons. Recent in vivo studies have reported that the strength of tone-driven inhibitory responses remains relatively stable across early postnatal development in the rat primary auditory cortex (Dorrn et al. 2010; Sun et al. 2010) . Given that our study indicates a differential development in the thalamic recruitment of FS and LTS cells, it is possible that the apparent stability reflects opposing mechanisms. That is, the tone-evoked inhibition displayed by one pathway may be getting stronger with age (MG to FS to pyramidal), whereas the tone-evoked inhibition displayed by a second pathway may be decreasing with age (MG to LTS to pyramidal). If this were the case, then the integrated inhibitory response could appear to be stable. Furthermore, these dynamic changes to inhibitory pathway maturation may support the experience-dependent refinement of inhibitory tuning that occurs postnatally (Dorrn et al. 2010) .
The MG-evoked excitatory properties following SNHL were reminiscent of developing neurons, suggesting that hearing loss may delay the normal development (Figs. 2-4) . FS cells . Hearing loss induces parallel changes along two inhibitory circuit pathways. Schematic summarizing the effects of hearing loss on excitatory thalamic drive to 2 types of cortical inhibitory interneurons and on the inhibitory synapses formed by these cells, as described previously (Takesian et al. 2010) . For the FS pathway, SNHL may weaken the strength of thalamically evoked excitatory inputs to FS cells and weaken FS cell-inhibitory output to pyramidal cells (P in open triangle) (Takesian et al. 2010) . For the LTS pathway, SNHL both increases the short-term depression of excitatory inputs onto LTS cells and increases the depression of LTS cell-inhibitory output to pyramidal cells (Takesian et al. 2010) . MG ϭ medial geniculate.
(P17-22) in the auditory cortex received fast and strong thalamically evoked excitatory inputs (Fig. 2) , whereas agematched LTS cells received weaker and slower inputs (compare FS with LTS posthearing). These distinguishing properties of FS and LTS cell inputs emerge during postnatal development. Furthermore, such development depends on sensory experience, because SNHL partly prevented this differentiation. This is supported by studies in congenitally deaf cats that examined the postnatal development of local field potentials in the primary auditory cortex evoked by electrical intracochlear stimulation. Deaf cats showed marked delays in cortical functional development that may be associated with delayed maturation of inhibitory function within layers 3/4 (Kral and Sharma 2012; Kral et al. 2005) . Furthermore, the trend for smaller thalamocortical input to FS cells following SNHL is consistent with a reduction in the magnitude of thalamic-evoked excitatory currents in the sensory-deprived somatosensory cortex (Chittajallu and Isaac 2010; Sun 2009 ). The SNHL-induced increase in MG-evoked inputs to LTS cells is similar to the increase in thalamic excitatory inputs to pyramidal cells in the auditory cortex (Kotak et al. 2005) . The relatively slow kinetics of thalamically evoked PSPs in both FS and LTS interneurons from prehearing animals compared with posthearing ( Fig. 2) is consistent with the slow excitatory and inhibitory synapse kinetics observed throughout the immature auditory cortex (Kotak et al. 2008; Reyes 2008, 2011; Takesian et al. 2010) . Likewise, the decrease in synaptic latency of PSPs onto both FS and LTS cells from the pre-to posthearing age range is consistent with the developmental decrease in latencies found in several subcortical nuclei along the auditory pathway (Ahuja and Wu 2000; Kandler and Friauf 1995; Sanes 1993; Wu and Oertel 1987) . The longer PSP latencies to rise and peak recorded in FS cells from SNHL animals (Fig. 2) could be attributed to synaptic transmission delays and/or reduced axonal conduction velocity along the thalamocortical pathway. These slower inputs to FS cells after SNHL combined with the slower membrane properties (Fig. 1) may result in the observed delay in the FS cell spike by thalamic activity. These delays are consistent with longer latency cortical responses in both animals (Kral et al. 2006) and human patients with hearing loss (Oates et al. 2002; Sharma et al. 2005 Sharma et al. , 2007 .
The emergence of differential STP of MG-evoked excitatory potentials to FS and LTS cells also depends on sensory experience. MG-evoked excitatory potentials to both interneurons show similar STP in prehearing animals (Fig. 4) . The facilitation of inputs onto LTS cells only emerges in the auditory cortex after hearing onset and is prevented if auditory experience is deprived. This is consistent with a faster rate of depression of thalamically evoked PSPs recorded in pyramidal cells after deprivation (Xu et al. 2007 ). Our findings are in general agreement with results in the visual and somatosensory cortices showing that FS and non-FS interneurons show distinct developmental profiles (Lazarus and Huang 2011) and experience-and activity-dependent synaptic plasticity (Bartley et al. 2008; Maffei et al. 2004) . Here, our results in the auditory cortex suggest that such differentiation is a general principle of cortical FS and LTS cells that emerges during development in response to sensory experience.
In contrast to the significant hearing loss-induced changes to excitatory potentials, the intrinsic properties of FS and LTS neurons did not display major changes (Fig. 1) . However, there were large developmental changes, in agreement with previous findings on pyramidal and FS neurons in the mouse auditory cortex Reyes 2008, 2011) . These maturational changes are also consistent with those described in other cortices (Itami et al. 2007; Long et al. 2005; Okaty et al. 2009 ). The modest hearing loss-induced changes to FS neurons are consistent with results from the somatosensory cortex, showing that whisker trimming from birth alters the intrinsic properties of FS, but not non-FS, interneurons (Sun 2009 ). It is also consistent with the failure of pyramidal cells to reach a mature electrophysiological phenotype after developmental conductive hearing loss or SNHL (Kotak et al. 2005; Xu et al. 2007) and is in agreement with hearing loss-induced alterations of cell-membrane and firing properties throughout the central auditory system (Francis and Manis 2000; Lu et al. 2004; Takesian et al. 2012; Vale and Sanes 2000; Wang and Manis 2006) .
A high number of convergent inputs, as well as strong individual connections, underlie the strong and fast thalamic input to mature FS cells (Cruikshank et al. 2007; Gibson et al. 1999 ). Although our data cannot determine whether the number of afferents to FS cells is affected by developmental experience, they do point to an increase in the strength and kinetics of excitatory connections. One possible synaptic mechanism is an experiencedependent modification of the postsynaptic ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunit. Thalamocortical synapses at FS cells exclusively contain glutamate receptor 2 (GluR2) subunit-lacking AMPA receptors (Hull et al. 2009 ) that typically exhibit fast kinetics (Geiger et al. 1995) and a single channel conductance that is significantly greater than GluR2-containing AMPA receptors (Swanson et al. 1997) . Furthermore, the change in STP of excitatory potentials onto LTS cells following hearing loss could be due to disruption of a presynaptic mechanism (Sun 2009; Sun and Dobrunz 2006) . Other potential causes include failure to recruit facilitating intracortical excitatory connections between pyramidal and LTS cells (Beierlein and Connors 2002; Beierlein et al. 2003; Cruikshank et al. 2010; Gibson et al. 1999; Reyes et al. 1998; Thomson 1997) .
FS and LTS cells are interconnected by inhibitory synapses (Gibson et al. 1999) , and synchronous activation of the LTS cell network results in correlated hyperpolarization of FS cells (Beierlein et al. 2000) . Disinhibitory microcircuits, in which FS cells are suppressed by other GABAergic interneurons, may contribute to cortical sensory processing and plasticity (Letzkus et al. 2011; Xu et al. 2013) . Therefore, in our study, FS cell activity may be suppressed further in immature and sensorydeprived animals by the increased responses of LTS cells to single thalamic stimuli. The inhibitory coupling between FS and LTS cells may, in part, explain the opposing effects of sensory deprivation on these two inhibitory cell networks.
Accumulating evidence indicates that cortical inhibitory interneurons are instrumental to sensory computations, making it essential to understand how these cells are developmentally regulated (Adesnik et al. 2012; Cardin et al. 2009; Gentet et al. 2012; Li et al. 2012; Wilson et al. 2012 ). This study presents two major functional consequences of early SNHL on inhibitory interneurons in the auditory cortex (Fig. 6) . First, SNHL leads to a reduction in the recruitment of FS cell spiking. The fast recruitment of FS-mediated, feed-forward inhibition is thought to be important for creating the window for integration of excitatory inputs (Cruikshank et al. 2007; Gabernet et al. 2005; Swadlow 2003; Wilent and Contreras 2005) . This has been implicated in frequency, intensity, and temporal coding in the auditory cortex (de la Rocha et al. 2008; Ojima and Murakami 2002; Razak and Fuzessery 2006 Tan et al. 2007; Wu et al. 2006; ; for review see Oswald et al. 2006) . Second, SNHL diminishes the facilitation of LTS cell spiking during repetitive stimuli, and this may be important for the encoding of temporally modulated stimuli (Hayut et al. 2011; Tan et al. 2008) . Specific interneuron subtypes are thought to play critical roles in a variety of developmental disorders, including sensory impairments, autism, and schizophrenia (Le Magueresse and Monyer 2013) . Alterations in the recruitment of distinct inhibitory pathways by early experience may contribute to the etiology of these disorders. Excitatory synapses on interneurons may therefore be potential therapeutic targets to restore inhibitory circuit function in pathological cortical networks.
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